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Determination of Saharan Dust Radiance and Chlorophyll From . ...
CZCS Imagery

K. L. CARDER, 1 W. W. GREGG, 1.2 D. K. COSTELLO, I K. HADDAD,S AND J. M. PROSPER04

An atmospheric correction algorithm is derived for o~attic areas of low cidorophyll a PIUS
phaeophytin a concentrations ((C) s 0.25 mg/m3). The algorithm simultaneously corrects for the
radiance effects of two different aerosol types observed in coastal zone color scanner (CZCS) imagery.
The algorithm, called the two-component method, is applied to data from a time series of CZCS orbits
during which both Saharan dust and a bluish haze were present. The method is evaluated by compsuing
the ocean chlorophyll concentrations after atmospheric correction to those measured in situ and to
those determined by single-component methods from CZCS imagery. Reasonable agreement is found
between the chlorophyll values estimated by the two-component method and in situ values, and the
derived chlorophyll vatues for a Sargasso Sea region varied by less than 6% during a major influ of
Saharan dust to the region. Aerosol and chlorophyll fields appeared confounded in imagery derived
using single-component methods when mdtiple aerosol types were present, but no confounding was
observed for imagery generated by the two-component method. The time series of aerosol radiance
values due to Saharan dust was consistent with the changes in dust concentration and particle size
measurements from an adjacent aerosol collection site on the Florida coast.

1. INTRODUCTION

Scattering by aerosols represents an important optical
component of the atmosphere, which must be removed from
Coastal Zone Color Scanner (CZCS) imagery before water-
leaving radiances, and hence chlorophyll, may be deter-
mined. Furthermore, because of the temporal and spatial
variability of the aerosol concentrations and their optical
characteristics the proportion of the total radiance observed
by the sensor which is due to aerosol scattering cannot be
estimated and removed a priori as can Rayleigh scattering.

Up to 90% of the total radiance received at the CZCS
sensor for most cloud-free scenes is due to the intervening
atmosphere [Gordon ef al., 1983a]. Aerosol scattering may
be responsible for 10-40% of the radiance. Yet the success of
the CZCS atmospheric correction algorithms in estimating
and subsequently removing these atmospheric effects is
evident from their ability to determine the water-leaving
radiance within about 107c for much of the world ocean and
chlorophyll concentrations to within 3W0% [Gordon e? af.,
1983a].

This accuracy is subject to some qualifications, however.
The atmospheric correction algorithms have been most
accurate during the first year (1978-1979) of CZCS operation
before sensor degradation became significant and are most
successful where a single aerosol type exists. Multiple
aerosol types present in the same scene can confound these
single-component atmospheric correction algorithms. Such a
situation occurs with Saharan dust events. Major outbreaks
of Saharan dust aerosols can be present as far west as
Miami, Florida, especial] y during June, July. and August

‘Department of Marine Science, University of South Florida. St.
Petersburg.

‘Now at Research and Data Systems, Greenbelt, Maryiand.
3\farine Research Laboratory. Florida Department of \’arura]

Resources, St. Petersburg.
4Rosenstiel School of Marine and Atmospheric Science, LTniver-

sity of Miami, Miami, Florida.

Copyright 1991 by the .American Geophysical Union.

Paper numbeI- 89JD03280.
0148-0227/91‘89JD-03280$05.00

[Prospero and Carlson, 1972; Savoie and Prospero, 1977;
Carder et al., 1986]. Saharan dust differs in its spectral
reflectance characteristics from the marine (sea salt) aero-
sols, and bhtish hazes that are often present. A bimodal size
distribution for marine aerosols (hydrated sea salts) has been
observed, with the concentration and modal diameter for the
larger fraction increasing with wind speed [Paf?erson et al.,
1980]. While the submicron fraction may exhibit blue-rich
scatter, the scatter for the dominant large-particle fraction is
not expected to be spectral. Near land, where small-particle
sources are important [Parrerson ef al., 1980], modified
maritime hazes may exhibit blue-dominant scattering. In
addition. small particles may be important above the marine
boundary layer. Scattering by Saharan dust, which can
contain rather large particles (volume distribution mode for
this study was between 4 and 8 Wmdiameter [Carder et al.,
19861), is unlikely to exhibit spectral scattering unless spec-
tral absorption is significant. These aerosols absorb more
strongly in the blue wavelengths [Pazrerson, 1981], however,
and are consequently reddish-brown in color [Prospero and
Carlson, 1972].

In this paper we present an algorithm to distinguish two
aerosol types in an image and then determine their relative
concentrations by observing the radiance contribution from
each type at the satellite. The aigorithm builds on the clear
water radiance theory [Gordon and Clark, 1981] in which the
water-leaving radiance values for all CZCS channels except
the blue (443 nm) can be designated a priori when chloro-
phyll concentrations are less than 0.25 mg/m3. Such is often
the case in the summer away from coastal areas. We
demonstrate the effectiveness of the “‘two-component”
method by observing a time series of CZCS images in late
June 1980 when an outbreak of Saharan dust passed over
Florida. During this period, chlorophyll pigment concentra-
tions were measured in the western Sargasso Sea. and
crustal aerosol concentrations. sizes, and chemical charac-
teristics were determined at a coastal site near Miami,
Florida.

This study has relevance to the Global Backscatter Exper-
iment (GLOBE) and the Laser .Atmosphenc Wind Sounder
(LAWS) activities because itpresentsa method that can be
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applied to the existing CZCS data set to provide statistics on
[he spatial and temporal extent of high-backscattering dust
particles. Furthefiore,. the. methodology is applicable to
future data sets from planned ocean color sensors. Synergis-
tically, the anticipated wind speed and aerosol backscatter
data from LAWS will provide information on the height and
transport speed of aerosols. These data are valuable to
improved interpretation of spectral aerosol radiance imagery
from the passive ocean color sensors. Estimates of the flux
to the ocean of aeolian aerosols containing such micronutn-
ents as iron are needed to evaluate the potential effect on
marine primary productivity [e.g., Martin and Gordon,
1988]. Thus Earth-observing system instruments such as the
Moderate Resolution Imaging Spectrometer (MODIS), the
High Resolution Imaging Spectrometer (HIRIS), and LAWS
may together play an important role in providing data to
improve such flux calculations.

2. BACKGROUND AND THEORY

TheNimbus7satellheisinasun-synchronousorbitata
nominaldtltudeof955kmwithascendingnode (northward
crossing of the equatorial plane) near local noon. The CZCS
sensor is a scanning radiometer with a t39° cross-track scan
of the six coregistered spectral channels, four in the visible
wavelengths (443, 520, 550, and 670 rim). one in the far red
(750 rim), and one in the infrared (10.5-12.5 ~m) [Ho~~is e?
al., 1980]. The sensor has a ground resolution of 825 m at
nadir, and the scan mirror can be tilted up to 20° forward or
backward along its ground track to reduce specularly re-
flected sun glint from the sea surface.

The single-component atmospheric correction algorithm is
based on quasi-single-scattering theory and the clear-water
radiance technique [Gordon and Clark, 1981; Gordon et al.,
1983a]. Single-scattering theory allows radiance arising from
Rayleigh scattering (L,), radiance arising from aerosol scat-
tering (La), and water-leaving radiance (LW)to be separated.
The clear-water radiance technique utilizes knowledge of the
water-leaving radiance of low-chlorophyll sea water at 520,
550, and 670 nm and knowledge of the radiance due to
Ra}leigh scattering to determine the radiance due to aerosol
scattering by measuring the total radiance received at the
sensor (Lf) at each of the wavelengths. The water-leaving
radiance at 443 nm (the band most sensitive to chlorophyll
absorption) can then be determined through spectral extrap-
olation to 443 nm of the aerosol radiance. Treatment of the
Rayleigh and aerosol scattering in a single-scattering sense
(e.g., as independent terms) results in errors in aerosol
radiance values less than 10% for aerosol optical thicknesses
(~.) ~ 0.6 for scenes unattested by sunglint [Gordon et al.,
1983a]. The dtierence between aerosol radiance calculations
made using single-scattering versus multiple-scattering
methods increases with aerosol optical thickness, observa-
tional zenith angle, and, to a lesser extent, solar zenith angle.
However, for aerosol optical thicknesses (Td) = 0.6, Gordon
and Cas/arro [1989] demonstrated that for a wide variety of
aerosol types, this d~erence is linear with LO and can be
determined within 5-8% except at the edges of the CZCS
scan. Thus given knowledge of the scan mirror forward tilt
angle (e. g., @ or +20) and the cross-track scan angle,
multiple-scattering estimates of aerosol radiance can be
determined from single-scattering calculations of aerosol
radiance.

Using the notation and arguments of Gordon et al, [1983a]
and single-scattering theory, the total radiance L,(A) re-
ceived at the satellite can be divided into its components: the
radiance values arisingfrom Rayleigh scattering L,(A), the
contribution arising from L.(A). and the water-leaving radi-
ance L.(A) dMusely transmitted to the top of the atmosphere
L.,(A)[(A) [Gordon, 1978; Tanre ef al., 1979; Gordon ef al.,
1983a]:

L,(A) = L,(A) + L.(A) + LM,(A)r(A) (1)

Gordon [1978] showed, through comparisons with “exact”
multiple-scattering calculations using a number of like] y
aerosol models, that multiple-scattering effects from the
ocean to the satellite could be neglected with an error of
about 3% if attenuation of the path radiance was ignored.
Note that these path radiance values observed at the satellite
implicitly include effects due to ozone absorption.

The contribution of L,(A) due to Rayleigh scattering can be
determined a priori from the sun and spacecraft zenith
angles. The dtiuse transmittance of the atmosphere, r(A), is
considered to be known, since it is primarily a function of
Rayleigh and ozone optical thicknesses (7, and 7.,) and the
satellite zenith angle (8) and is only secondarily a function of
aerosol attenuation, which is dominated by near-foward
scattering [Tanre et al., 1979: Gordon and Clark, 1981;
Gordon et al., 1983a]. This leaves L.(A) and LW(A) as the
only unknowns in the equation.

The solution to equation (1) is effected by deriving an
expression for the ratio of aerosol radiances in CZCS chan-
nels 1, 2, and 3 to channel 4, where subscripts denote the
channel number and correspond to A at 443, 520, 550, and
670 nm, respectively.

LQ(Ai)/La(A4) = E(A;, A4)[F~(Ai)/F~(A4)] (2)

where

~a(A j17=(Ai)p~(@, @o, A j)

&(Aij A4) = (3)
@o(A4)7a(A4)Pa(L9,00,A4)

Here. ~a(Ai) is the single-scattering albedo of the aerosol
(assumed for marine aerosols to be 1.0), 7a(Ai) the aerosol
optical thickness, and pa(~, @o, Ai) is the aerosol phase
function. For nonabsorbing aerosols, S(Ai, A4) is a term
dominated by the aerosol optical thickness, since phase
functions for most likely aerosol models at CZCS observa-
tional angles relative to the sun are only weakly dependent
upon wavelength [Gordon, 19-8; Gordon and Clark, 1981;
Gordon et af., 1983a]. The @ and 00 are the zenith angles of
a pixel to the satellite and sun, respectively. F~(A) in
equation (2) is the extraterrestrial solar irradiance corrected
for absorption b~f an ozone layer of optical thickness ~OZ.

Now, (1) may be expressed as

L,(Ai) _ L,(A ;) _ t(A,)LI,(A ~1= L“(A,)

= S(Aj, Ad)[Lt(AA)– Lr(A4) – 1(A4)LM.(A4)] (4)

where

S(Ai. Al) = c(A;. A4)[F~(Ai)/F~(A4)] (5)

The clear-water radiance theory [Gordon and Clark, 1981]
is now invoked to determine L-( Ai) in (4) for each pixel in a
small, clear-water region, The epsilon values derived for
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,,
spectral bands 2,3 j and 4 using (5)are spatially averaged and
used to “type” the aerosol.The basisfor the theory is that
where chlorophyll a plus phaeophytin a concentrations (C)

3’ the normalized water-leavingare less than 0.25 ‘rn~m ,
radiance {LW(Ai)}at 520, 550, and 670 nm can be designated
a priori, within 10Yo,to be 0.498, 0.30, and <0.015 mW/cm21
~rn/sr, respectively, for the CZCS [Gordon and Clark, 1981;
Gordon et uf., 1983u]. For a given wavelength, LW.(Ai)can be
related to {LW(Ai)}through

LW(Ai) = {LW.(Ai)}r(oo, Ai)~o (6)

where w = cos O., and [Gordon and Clark, 1981]

r(A) = exp {–[7,(A)i2 7 TO:(A) + (1 – w.(A) F) T.(A) ]I’Ko}

(7)

F is the probability that a photon scattered by an aerosol is
directed ina forward direction, and the term (1 – u.F)rn is
generally unknown. For typical aerosol models, however, (1
—tiaF) < 1/6, so for ~a s 0.6 the entire term can be ignored
with an error in t(A) of less than 10YGfor small solar zenith
angies [G9rdon and Clark, 19811. Thuse(s20,670),8(550,
670),and.s(670,670)canbedeterminedoverclearwaterand
thenappliedtoregionswhere (C) is greater than 0.25 mg/m3.
It should be noted that while the aerosol type is fixed by this
method, the aerosol concentration may vary.

c(443, 670) is determined by a power function [Angstrom,
1964; Gordon and Clark, 1981] with Angstrom exponent
~Ai):

&(Ai, A4) = (Ai/A4)n’A” (8)

and fiA1 ) is the spectral average of fiA2) and ~A3). This
method is usuallyappliedto a 5 x 5 pixel region of a
clear-water portion of the scene in order to characterize the
spectral nature of the scattering by the aerosol “type”
associated with that region. The derived epsilon values are
then assumed invariant over the entire scene [see Gordon et
al., 1983a]. The “type’” of aerosol is thus assumed constant
for the entire scene, but the concentration can vary as
observed using L.d(670), since at this wavelength, L...(67O) =
O. The aerosol can also be “typed” pixel by pixel for the
entire scene if no region in the scene has (C) = 0.25 mg/m3.
This approach is computationally quite expensive, however,
and is rarely used.

Chlorophyll a PIUS phaeophytin a concentrations (C) are
then determined from the water-leaving radiances by regres-
sion equations of the form [Gordon ef af., 1983al

(0= A[L.(A i)/~.,(550)]B (9)

We introduce the two-component method, which simulta-
neously determines the aerosol radiances of two widely
different aerosols present in the same clear-water scene. The
method follows the single-component model up through (5).
However. instead of determining an dAi, AA)value for a
single aerosol type and applying it to the entire scene, &j(Ai.
Ad)values are determined for each of two aerosol types. The
method u’orks best if there are different portions of the scene
where each aerosol type dominates and can be characterized
independently, even though much of the scene contains
mixtures of the two types. Thus the aerosol “typing” is of an
operational rather than theoretical nature unless additional
knowledge of the aerosol spectral characteristics is avail-
able.

The .Sj(Ai, A4)values corresponding to the &jfAi* A4Jvalues

arethencalctdatedby (5)pixel by pixel and placed into a 2
x 3 matrix to determine the aerosol radiances for each
component, Laj(470), ~ = 1, 2:

[

.Sl(55~,670) S(55~6701][LaJ670]=~g]

S1(520, 670) ~1(5~0, 670) La,(670)

(lo)

La] (670) and L.a2(670) are the radiances at 670 nm for aerosol
types 1 and 2. Each row of the coefficient matrix represents
a particular wavelength, while the columns represent the two
aerosol types. The method applies only to low chlorophyll
waters where LH.(Ai)can be specfied for i = 2, 3, 4. &j(Ai,AA)
values are determined by selecting regions in the scene
where the aerosols are predominantly of one type and
individually determinable by the clear-water method of
Gordon and Clark [1981]. Thus the only unknowns in (10)
are Laj(670) values. The resulting problem is an overdeter-
mined system (10), which is solved by a least squares
method using QR factorization [S?rang, 19861. Solution of
(10) provides the contribution Laj(670) of each aerosol type
to the aerosol radiance at 670 nm.

The radiance contribution of each aerosol type to the total
aerosol radiance observed in the blue channel is estimated as

La(443) = S1(443, 670) La,(670) + S2(443, 670) L.,(670)
(11)

The chlorophyll pigment concentration (C) is determined
by solving (4) for LW(433) and LW(550) and substituting in
[Gordon ef u1., 1983al

{c) = 1.13[L..(43)/Lw,(550)l - ‘“i’ (12)

3. METHODS

Calibrated radiance and temperature tapes (CRTT) for five
sufficiently cloud free CZCS images in late June 1980 were
obtained from NASA for processing and comparison with
ship and coastal data collected when a major Saharan dust
event was observed over southern Florida [Carder er al.,
1986]. These tapes were processed using the Florida Depart-
ment of Natural Resources Marine Resource Geobased
Information System (Gould Concept 32/27 with Comtal
display and ELAS applications software). Processing of the
imagery was carried out using the revised sensor calibration
values for Gain 1 and the revised FO values from Table IV of
Gordon ef al. [1983a]. The sensor calibration equation
provided by Gordon ef al. [1983b] was used to adjust CZCS
calibration as a function of orbit number (time). Spacecraft
position and orientation data were provided directly on the
CRTTS.

4. RESULTS AND DISCUSSION

On June 19 and 20, 1980, a major influx of Saharan dust
into the we~tem Sargasso Sea was recorded at 25”59’N
latitude, 75”59’W longitude in holographic microscopy sam-
ples of the surface waters and in sediment trap data from
30-m depth [Carder e? ai.. 1982, 1986]. The main pulse of the
dust did not begin to arrive at Miami. Florida, until approx-
imately 3 days later. Surface winds for the region were
generally weak and from the soulh. with a more easterly and



5372 CARDER ET AL.:CZCS ESTIMATEOF SAHARAN DUST AND CHLOROPHYLL

TABLE 1. Values for Elements :~Ai. A4)for Bluish Aerosols
and Saharan Dust for CZCS orbits in June 1980

--—. ----- -------- . . .
Bluish Sahardn

A, nm Aerosol Dust

Orbit 8326 443 2.067 0.989
June 17.1980 520 1.682 1.033

550 1.330 0.961
670

Orbil 8381 443
June 21, 1980 520

550
670

Orbit 8464 443
June 27, 1980 520

550
670

Orbit 8478 443
June 28, 1980 5~o

550
670

Orbit 8492 443

.364

.245

.130
1

,732
.470
.246
1

.655

1

0.952
1.013
0.940

1

@,9?7
1.026
0.964

1

0.943
1.002
0.940

1

0.968
June 29.1980 ~~o 1.429 1.018

550 1.185 0.951
670 1 1

southeasterly component for the upper level winds in the
eastern extreme of the study region [Carder et a/., 1986].

CZCS image~ for orbit 8326 (June 17. 1980) covering the
Florida Straits and western Sargasso Sea is shown in Plate 1.
Plate 1 is the color-enhanced, atmospherically uncorrected
subscene of orbit 8326, showing Palm Beach, Florida. on the
western edge. A strong aerosol gradient is apparent along the
eastern edge of Plate 1. The area corresponds to the approx-
imate position of the influx of Saharan dust on this date
[Carder rr al.. 1986]. Analysis of spectral reflectance of
Saharan dust captured on filter pads indicated that such
aerosols backscattered strongly in the red wavelengths
[Purrer-son. 1981: Prosprro and Carlson, 1972], in contrast to
the white-scattering marine aerosols and blue-scattering
hazes that were likely present in portions of the scene.

Table 1 contains &j(Ai, A4) values used in the two-
component aerosol model (equations 10 and 11)) for the five
scenes in late June 1980. Aerosol type 1 (column 2, Table 1)
has Ej(Ai. A4) values greater than 1.0. typical of fine hazelike
aerosols. It was derived using the single-component clear-
water method [Gordon and Clnrk. 1981] from the imager>
just to the east of the Bahamas in Plate 1 for orbit 8326 and
from high &j(Ai.Ad)regions for the other images. A mean of
~j(Ai, Ad)values from 5 x 5 pixel areas was used to minimize
the effect of noise. .4erosol t>~pe2 has ep~ilon values of< 1.0.
which would be expected for blue-absorbing aerosols such
as Saharan dust. The Saharan &j(Ai,Ad) values were derived
from regions of low sj(A,. A4) and relati~ely high LU(670) for
each scene. Care was taken to avoid-the eastern and western
edges of the scenes because the validity of the single-
scattering assumption decrea~es at the iirnbs of the CZCS
scan [see Hol’is et ai.. 1980: Gordon and Casrano. 1987].

Salzarat? Aeroso[ Radiance Variations

Five sufficiently cloud free CZCS images were atmospher-
ically corrected by the two-component method to genera[e a
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Fig. 1, Comparison of aerosol mass concentration data (2- and
3-day means) from a coastal aerosol collection tower with instanta-
neous aerosol radiance values for Saharan dust over adjacent waters
in the Florida Straits.

sequence of Saharan dust aerosol radiance images at 670 nm
(La(670)). The part of the sequence from June 27 to 29, 1980,
clearly shows the movement of the Saharan dust over
Florida (yellow-red patches in Plate 2). The dust was cen-
tered over the Bahamas by June 27 and just west of south
Florida on June 28. By June 29 it u“as centered over the
Yucatan Channel and the Loop Current region of the south-
eastern Gulf of Mexico.

A 25 x 25 pixei area was selected in the Florida Straits
near the coastal. aerosol-filtration site (see small box in Plate
2a) in order to quantify the movement of the Saharan dust
over Florida. The time series of dust aerosol radiances
corrected for siant-p~th leng~h is comp~red for ibis sile with
observed aerosol concentrations collected nearby at the
I-university of hliami (Figure l). These results suggest a
covariation between Saharan dust radiance and Saharan dust
concentration and demonstrate the ability of the two-
component algorithm to identif> and monitor blue-absorbing
aerosols.

The maximum desert aerosol radiance value progressed
westward with ~ime (Plate 2 ~.but the maxima changed little
from June 27 to June 29. The desert aerosol radiance values
near Miami (Figure 1) decreased markedly after June 27.
however, but the aerosol concentration at the base of the air
column decreased more gradually with time. This suggests
that most of the residual desert aerosols in the air column on
June 28 and 29 were in the lower part of the atmosphere
where they were available for filtration.

The Sabaran aerosol radiance values off Miami from June
17 were likely enriched by anthropogenic aerosols from the
Miami area. since the surface winds were from the south-
west at that time [Carder e? al.. 1986]. Such yellowish hazes
would be spectrally more similar to Saharan dust than to the
blue-rich aerosol haze (see F.(A,. A4) values in Table 1)
derived from the region northeast of the Bahamas.

The improved correspondence between surface measures
of aerosol mass concentration znd Saharan aero<ol radiance
between June 21 and 27 indicates that dust in the marine
boundary layer general]!’ co\aried ~ith the total column
aerosol radiance and that the size distribution was not
rapidly changing. 11also suggests that between June 21 and
29. the desert aerosol radiance dominated the contribu~ions
to to(al radiance measured at Ihe satellite.



Plate ?0
Plate 2. Time series over Florida of aerosolradiance LO(670)duetoSaharandust on (a) June 27.1980. (b) June 28.

1980. and (c) June 29. ]980, Red and yellow shading in each frame indicates the main dust pulse as inferred from the
dust aerosol radiances. The color ttible indicales Sfihariin du$l aerosol radiance vall]e< lm\l’ cm? pm’~rlBrightregion$
(cloud?.land.and shoalareas)aremaskedinblack.
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Plate 2C

Plate 2. (continued)



CARDER ET AL.:CZCS ESTIMATEOF SAHARAN DUST AND CHLOROPHI LL 5375

Plate 3. Chlorophyll pigment concentrations (mg/m3 ) after correction for atmospheric effects: (a) Single-
component. bluish-haze correction. (b) t\!,o-component Saharan d[]~t%l\ti<hh:+/e correcli,~~ ~nd (cl single-component.
anthropogenic aerosol correction.

Carder eral. [1986] showed that the leading edge of the
dust reaching Miami on June 21-23 was large-particle-rich
and heavy-mineral-rich compared to the trailing edge of June
~7-30. This would indicate that the lead edge of the dust
plume should have a lower ratio of dust radiance to unit mass
concentration. since the light scattered 1sproportional to [he
cross-sectional area for particles which are large relatiie 10
the wavelength of light [Van de HIIIs?. 1957] and mass is
proportional to the particle volume.

This expectation is confirmed by the radiance/mass ratios:
0,073-0.09 (kW km)l(g ~m sr) for Jone 2I (depending upon
whether the nondust aerosol background mass concentration
was O or 4 pg/m3) and 0.20 ~kW km)~[g ~m sr) for June 27.

However, if other confounding factors such as varialion in
the vertical distribution of dust were of only minor impor-
tance during this time span. the Pdctor of 2 \ariation in the
radiance-to-mass ratio suggests that the aert~\ols at the

leading edge were rough]! Ill Ice the diameter of the aerosols
at the traillng edge. JYlas>~~,ii~entl-~tlon data of CuJ-der c’ral.
[1986] show mode values of 2.5-5.0 ym in diameter for both
heavy mineral and non–nt~~} mineral classes for June
20-23. and modes of 0.5-1 (l urn and 1.W2.5 pm in diameter
for the heai ! Und n(}n-hcd, ~ im,ntrdl ~itis>cs. rcspeclivel!.
for June 25–27. ‘I”h)s >lze <nange IS quite ciose [o that
required [o explain changes ]n the radiance-to-mass ratios.

Care must be taken. h~~\\c <r. In in~erpreting ~otal column.
single-scattering aerosol radiance \ alues in terms of aerosol
concenlration~ measured at I~e base of the column. krertical
inhomogenclttes In aeros~~l :.ncentratlon and type. changes
in par~icle ~izc ,ind spcc]fic gra\i\! distributions With time.
and \arlations in ~hc tipFl,&~rIIII> of single- ~c:it[ering theory
with aerosol t!pe. optical :hickness. and vlew”ing geometry
all contrihlltc uncerl:iintl l! .,n} lnlerprct~tti{>n.

G(lrci<,tl [I)l(i (’011< 11, i ]Y\u\ r~~~nll~ ~jCm{)n<~ra[Cd f’~r a
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.,.,,.. ..... ... . . .. . .......7 TABLE 2... ~mDarison of in SituChlorophyll~ p]usph~oPhytin~: {~..-....
.................. . .. .

.... ... ... ... . . . .... . - ... -~.. .,..... -.. . ... ---. .-.>.... .. . ...
. {Q;.mtim3.:~1-1~....J.- T . ........

. . . .
. .. -... ..——. .. ....

. .. .....- ----- . -y?-....- ~.....—:..:.:,-~w... One--: “” “’””-
.....-,-----...........

---One- ‘
~wm. .

Station
Component Component Component

In Situ Anthropogenic Bluish Aerosol Method

1: 25”55’N, 76~’W 0.04520.014 0.108 t 0.013 0.126 z 0.015
~: ~6°]~1~71~, 7~01301wI

0.080 & 0.009
0.09 0.139* 0.021 0.200= 0.026 0.148 t 0.013

Vahsesare determined from CZCS orbit 8326 using the two-component method and the single-component method for each of two tierent
aerosol types.

wide variety of aerosol types that the single-scattering ap-

P~o~imation Of aerosol radiance (used here) varies linearly
with “exact,” multiple-scattering calculations of aerosol
radiance. The linear relations~p is primarily a function of
the scan angle for a given mirror tilt (20° in our case).
According to their analyses, then, the Saharan aerosol
radiance values for June 21 and 27 (Figure 1) are about 5-7%
lower than the true, mdtiple-scattering values would be, and
those for June 17 and 28 are about 15-25% too low. Such
adjustments to Figure 1 to better simulate true multiple-
scattering aerosol radiance values would actually improve
the correspondence between the time series sequences for
Saharan dust aerosol radiance and concentration.

Chlorophyll Concentrations

Consistency of CZCS-derived chlorophyll determinations
before, during, and after Saharan dust passage are observed
as an indirect test of the two-component algorithm. After
removal of the atmospheric radiance, equation (12) was
applied to the water-leaving radiance imagery to derive the
pigment concentration (C) for June 17, 1980 (orbit 8326) (see
Plate 3), for which in situ chlorophyll values were available.
Plate 3a shows pigment concentrations resulting from appli-
cation of the single-component atmospheric correction
method. The ej(A,, AA)values were derived using the clear-
water technique for pixels in an area northeast of the
Bahamas which was dominated by a bluish haze (hereafter
referred to as the bluish-aerosol method). Plate 3b shows the
results of the two-component method. Plate 3C shows the
results of the single-aerosol method using a clear-water pixel
region in the Florida Straits area near Palm Beach, where
haze from the adjacent metropolitan area appears to have
been transported by weak southwesterly winds. This will be
referred to as the anthropogenic aerosol method.

Comparing this imagery to the total radiance imagery of
Plate 1 suggests that pigments in Plate 3a covary with the
reddish aerosols in the northeastern portion of the scene and
with the anthropogenic aerosols in the Florida Straits near
Miami. The two-component method produced a quite uni-
form chlorophyll field in the Sargasso Sea as one would
expect, with no evidence of covariance with the aerosols

aPParent in plate 1. The anthropogenic method produces a
chlorophyll field much closer to the two-component field
except under the reddish aerosols at the eastern and south-
eastern portions of the image.

In situ chlorophyll measurements are available for the
period June 17-21, 1980. Comparison of these measurements
with those from I I x 11 pixel areas from orbit 8326 ilhts-
trates the relative accuracies of the methods in determining
chlorophyll a plus phaeopigments a (C) for different loca-

tions in the scene (Table 2). The locations of the in situ
measurements are also ident.itied in Table 2 and can be
geolocated using Plate 1. Three of the in situ measurements
were made in regions covered by clouds in orbit 8326, so a
mean of these values was taken and compared to the nearest
cloud-free 11 X 11 pixel area (hereafter referred to as station
1). A significant anomaly in the CZCS-derived pigments due
to cloudsaturationistypically manifest on the east side of
clouds in CZCS data ~Mueller, 1988]. To avoid these areas,
we selected 11 x 11 pixel areas that were east of any visible
saturation effect, at least 10 pixels on the downscan side of
clouds, and maintained a border of at least one pixel to the
north, south, and west sides of clouds. The other site (station
2) was in the Florida Straits.

The measured chlorophyll values are lower than CZCS-
derived values using either the single- or the two-component
methods (Table 2). The two-component method overesti-
mates the chlorophyll concentration by 64-78Y0, while the
single-component method overestimates the chlorophyll
concentration by 54-140% (anthropogenic aerosol) and by
122-1 80% (bluish aerosol). The performance of the single-
component anthropogenic method improved when the re-
gion observed was covered by an aerosolwithepsilonsthat

were similar in type to the anthropogenic epsilon values (e.g.
in the Florida Straits). There were no in situ chlorophyll
stations in an area covered with bhtish aerosols, such as

northeastof Grand Bahamas Island. As a result, tests of
chlorophyll retrievals using the bluish aerosol, single-
component method under ideal conditions were not possible.

The two-component method provided consistent results,
and in addition, its performance was independent of location
and of aerosol type(s). It provided results nearly as good as
those of the single-component method specifically calibrated
through epsilon selection for the study or comparison area.
and its use did not manifest the severe deterioration in
performance exhibited by single-component methodologies
applied to regions containing aerosols with epsilon values
dissimilar to those of the calibration area.

To check for scene-to-scene consistency of chlorophyll
values as the Saharan dust cloud moved across the Sargasso
Sea. a 51 X 51 pixel region northeast of Grand Bahamas
Island (large box in Plate 2a) was monitored from June 17 to
28, 1980, using the two-component method. Table 3 shows
mean chloroph~?ll values of 0.0875 * 0.005 mglm3 (constant
within 690) for that period, even though the aerosols varied
from bluish, hazelike epsilons on June 17, to reddish Saharan
dustlike epsilons on June 27. During this period, Saharan
aerosol radiance values ranged from 0.0716 to 1.1458 mW/
cmz/~m/sr. This clear-water region was not in the field of
view of the CZCS on June 29.
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TABLE 3.. Time Series of Ctdorophyfl a Plus Phaeophytin a
Concentrations Before, During, and After a

Saharan Dust Event

Saharan Dust
Aerosol

Radiance. mW/ Pigment,
Date (Orbit) cm2/Am/sr mg~m3

June 17, 1980 (8326) 0.0716 * 0.04085 0.078 t 0.M6
June 21, 1980 (8381) 0.9258 * 0.17065 0.099 * 0.0084
June 27, 1980 (8464) 1.1458 * 0.10426 0.088 = 0.0071
June 28, 1980 (8478) 0.3283 * 0.25879 0.085 = 0.0074

Concurrent aerosol radiances at 670 nm determined from the same
subscene are afso shown. Mean values for a 51 x 51 pixel subregion
of the Sargasso Sea are listed.

The lowest chlorophyll a plus phaeophytin u values mea-
sured for the northern Sargasso Sea and Gulf Stream during
a CZCS validation cruise in June 1979 were 0.05-0.09 mg/m 3
[Gordon ef al., 1983b], values consistent with our measured
values of 0.045 and 0.09 m~m3. The upper end of this range
is also consistent with our 4-day mean value of 0.0875 mglm~
which was determined by the two-component method north-
east of the Bahamas, a region expected to contain waters
with very low chlorophyll pigment values. Thus it appears
that the CZCS-derived values of Tables 2 and 3 are biased
high by about 0.04 mg/m 3. To estimate the decay in radio-
metric sensitivity for the CZCS blue channel, Gordon er al.
[1983b] assumed that the lowest summer chlorophyll a plus
phaeophytin a \)alues for the Sargasso Sea region was about
0.09 m~’m~. A pigment estimate was required for the imag-
er} used in these analyses in order to estimate u’ater-leaving
radiance values for this pigment-sensitive band. This con-
servative selection is about 0.04 mg/m 3 higher than the
lowest values measured both in summer 1979 and in summer
1980. This assumed value also turns out to be very close to
our derived mean value (T~ble 3). It is possible that by using.
as we did. the Gordon e? al. [1983b] calibration values
derived from their study of the sensitivity decay of CZCS
blue channel. we have been limited to retrievals for (C) that
are no lower than top end of the 0.05- to 0.09 -mgim3 range
expected for the Sargasso Sea during the summer. This may
explain at least some of the overestimation in (C) observed
using single- and two-component aerosol radiance method-
ologies in determining chlorophyll concentrations for the
Sargasso Sea.

The two-component method appears to have spectrally
separated Saharan dust radiance contnburions to the total
aerosol radiance detected with the CZCS from those due to
a bluish haze always present in the Iou’-wind scenes that
were investigated. The spectral characteristics of these two
aerosol components were quite distincr ~Table 1). w,hich
must have aided in the spectral classification process. The
surface winds were very light during most of this period.
suggesting that large- diame~er. u’hitish marine aerosols u ere
likely not providing a significant scattering contribution to
the aerosol radiance during the study. The epsilon values
expected for such aerosois would be cioscto 1.().so ILis
possible that during periods of high wind the aerosol radi-
ance due to large marine aerosols could be classified by the
technique as ‘LSaharan dust.”” Such a misclassification
would be less likely for Saharan dust found much closer to
Its source, howeler. since ~er>! ‘“red”” ep>ilon \alues of as

low as 0.3-0.4 have been observed over the Atlantic off the
coast of north Africa (A. iMorel, personal communication,
1989). The form of the spectral extrapolation function for
such strongly absorbing aerosols would tikely require a
change from an Angstrom exponential form (equation (8)) to
some other form. A linear form is suggested by the linear
decrease with wavelength (from 430 nm to 620 nm) of the
imaginary part of the index of refraction for Saharan dust
captured on filter pads [see Patterson, 1981].

5. CONCLUSIONS

During the latter half of June 1980 a major influx of
Saharan dust passed over the western Sargasso Sea and the
southern part of the Florida peninsula. During much of this
period of time, CZCS imagery exhibited sharply defined
frontal boundary features in the atmosphere, with a bluish,
hazelike character on one side and a slightly reddish, turbid
appearance on the other. To smoothly remove atmospheric
radiance effects in order to view the ocean without a
significant residual atmospheric signature in the water-
Ieaving radiance field, a method was required to remove
aerosol radiance effects due to more than a single aerosol
component or type.

.4 two-component method for spectrally separating Sa-
haran dust and bluish haze contributions to the total aerosol
radiance was developed and applied, resulting in dust aero-
sol radiances that were consistent as a function of time with
the dust concentration and size changes observed at a
nearby field station. Furthermore. covanance between chlo-
rophyll and aerosol radiance fields was not evident in the
imager!r. .4s a result. chloroph~rll pigment (chlorophyll a PIUS
phaeophytin a) concentration values extracted by the two-
component technique were stable (0.0875 ~ 0.005 mg/m3)
over time for a region of the Sargasso Sea over which the
aerosol radiance vafues changed from those characteristic of
a bluish haze to those of a turbid, reddish dust. Mlith this
method the CZCS-derived chlorophyll values for this region
were consistent with CZCS-derived and field values for the
clearest waters of the northern Sargasso reported for the
prior year (0.0 S-0.09 mgm~l but were some 64-78% higher
than synoptically measured values.

The chlorophyll pigment values determined using a single-
aerosol, CZCS method o~ erestimated chlorophyll pigment
concentrations by 54-1807c. depending upon the aerosol
type in the pofiion of the scene under comparison. For
epsilon values (aerosol types) consistent uith the aerosol
resident in the stud!’ area the single-component method
performed as well as did the two-component method. How-
ever. for regions with mixed aerosol types. or epsilons no
longer consistent with the resident aerosol, the single-
component method delivered values that were no longer
consistent with either historical or measured numbers. v~hile
the two-component method provided relatively stable chlo-
rophyll pigment values \~hich were insensitive to the aerosol
type residenl in the region. the 50-80% enrichment or high
bias apparent for both methods may be attributable to an
d>>ump[i~n used In c>Linl~tlrigthe]-cductionofsensili~it!fOr
the blue channel of the CZCS with time since launch: that
the chlorophyll pigments for the clearest part of the northern
Sargasso Sea were 0.09 mg’ms. This number is very close to
the value derived from the [w o-componenl method. The blue
channel pla>s no lrole in ~he Jeritdtionof aeILlsolspec~ral
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characteristicsor epsilonvaluesusingtheclear-waterradi-
ancemethodology,sothectiorophyllassumptionlisted
abovehadno”effecton’anyoftheaerosolradiancevalues
reported. .
Sinceaerosolradianceisacharacteristicofthetotalair

column,itprovidesa dtierentkind of informationthan is

provided by single-point aerosol measurements (aircraft or
ground station). Passive spectral radiometry from satellites
provides broad and repeat mverage that can complement
data provided by both the GLOBE and LAWS missions,
especially if the source of each general spectral type of
aerosol in the scene can be inferred from ancillary informat-
ion. GLOBE and future LAWS data will reveal the vertical
structure of backscattering by the larger particles, and
CZCS, Sea-WiFS, MODIS, and HIRIS data can provide the
spectral character of the total column backscattering, sug-
gesting probable aerosol types and possible sources for
them. Horizontal and vertical aerosol fluxes may ultimately
be estimated from contemporaneous and sequential MODIS
and LAWS imagery combined with aircraft and ground
station sampling of aerosol size and composition.
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